Design of millimeter wave transmission system for an ESR echo experiment by 尾関, 孝則 et al.
80 81
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Abstract
Gyrotron FU CW VIIA has been developed as a radiation source for the ESR echo experiment. For 
the experiment, the output beam radiated from the gyrotron should be converted to a linear polarized 
Gaussian beam and be transmitted to the ESR experimental system. A Vlasov launcher was adopted as 
the convertor to the Gaussian beam. To increase the conversion efficiency to the Gaussian beam, high 
mode purity at the launcher entrance is required. The mode purity has been evaluated by radiation 
pattern measurement by using an IR camera and mode analysis. From the measurement, it was found 
that TE0,2 mode, the oscillation mode at the cavity, is dominant at the gyrotron window. However, 
mode conversion occurs in the waveguide after the window and TE2,2 mode becomes dominant at the 
launcher entrance. A Vlasov launcher for TE2,2, instead of that for TE0,2, has been manufactured and 
applied to the convertor. With this launcher, the electromagnetic wave has been well converted and a 
strong beam with a round cross section has been radiated from it.
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⚟ ஭ ኱ Ꮫ 㐲 ㉥ እ 㡿 ᇦ 㛤 Ⓨ ◊ ✲ ࢭ ࣥ ࢱ ࣮ ࡛ ࡣ ESR ࢚ ࢥ ࣮ (Electron Spin 
Resonance Echo)ᐇ㦂࡟฼⏝ࡍࡿග※࡜ࡋ࡚ Gyrotron FU CW VIIA ࡢ㛤Ⓨࢆ㐍ࡵ
࡚࠸ࡿ㸬ESR ࡜ࡣ㸪᭷ᶵศᏊࡢࣛࢪ࢝ࣝ㟁Ꮚࡸ㑄⛣㔠ᒓ࢖࢜ࣥࢆྵࡴ໬ྜ≀࡞
࡝ࡢ୙ᑐ㟁Ꮚࢆࡶࡘ≀㉁࡟㐺⏝ࡉࢀࡿศගⓗ ᐃ᪉ἲ࡛࠶ࡿ㸬㟁Ꮚࢫࣆࣥࡢ࢚
ࢿࣝࢠ࣮‽఩㛫ࡢ࢚ࢿࣝࢠ࣮ᕪ E' ࡟ᛂࡌࡓ᣺ືᩘ Q ( Eh ' Q 㸪 hࡣࣉࣛࣥࢡᐃ
ᩘ )ࢆࡶࡘ㟁☢Ἴࢆ↷ᑕࡍࡿ࡜㸪࢚ࢿࣝࢠ࣮‽఩㛫ࡢ㑄⛣ࡀᘬࡁ㉳ࡇࡉࢀࡿ㸬ࡇ
ࢀࢆඹ㬆࡜࿧ࡪ㸬ඹ㬆ࢆほ ࡋ㸪᭷ᶵศᏊࡢࣛࢪ࢝ࣝ㟁Ꮚࡸ㑄⛣㔠ᒓ࢖࢜ࣥࢆ
ྵࡴ໬ྜ≀࡞࡝ࡢ୙ᑐ㟁Ꮚࢆࡶࡘ≀㉁ࡢ㟁Ꮚࢫࣆࣥࡢ≧ែࢆㄪ࡭ࡿ ᐃ᪉ἲ
ࡀ ESR ࢚ࢥ࣮࡛࠶ࡿ㸬≉࡟㸪ࣃࣝࢫἼࢆ⏝࠸࡚㟁Ꮚࢫࣆࣥࢆȧ /2 ᅇ㌿ࡉࡏ㸪ḟ
࡟ȧᅇ㌿ࡉࡏ㸪ࡑࡢᚋࡢ㟁Ꮚࢫࣆࣥ⦆࿴࡟࡜ࡶ࡞࠸ᨺฟࡉࢀࡿ㟁☢Ἴࢆィ ࡋ㸪
㟁Ꮚࢫࣆࣥࡢ⦆࿴᫬㛫ࢆ▱ࡿ᪉ἲࡀ ESR ࢚ࢥ࣮ᐇ㦂࡛࠶ࡿ㸬
ࢪࣕ࢖ࣟࢺࣟࣥ࠿ࡽฟຊࡋࡓ㟁☢Ἴࢆ㞳ࢀࡓ ESR ᐇ㦂⿦⨨ࡲ࡛ఏ㏦ࡋ㸪↷ᑕ
ࡍࡿࢩࢫࢸ࣒ࢆタィࡍࡿ㸬ESR ࢚ࢥ࣮ᐇ㦂࡟⏝࠸ࡿࣃࣝࢫἼ࡜ࡋ࡚ࡣ┤⥺೫Ἴ
ࡢ࢞࢘ࢫࣅ࣮࣒ࢆ౑⏝ࡍࡿࡇ࡜ࡀዲࡲࡋ࠸㸬ࡋ࠿ࡋ㸪Gyrotron FU CW VIIA ࡛
ࡣ㸪ඹ᣺ჾ࡛Ⓨ᣺ࡋࡓ㟁☢Ἴ࣮ࣔࢻࡀࢸ࣮ࣃᑟἼ⟶ෆࢆఏ㏦ࡋ࡚㸪ࡑࡢࡲࡲࢪ
ࣕ࢖ࣟࢺࣟࣥ❆࠿ࡽᨺᑕࡉࢀࡿ㸬ࡇࡢࡼ࠺࡞ᑟἼ⟶࣮ࣔࢻࡑࡢࡲࡲࡢᨺᑕ࡛ࡣ㸪
㟁☢ሙࡢ✵㛫ศᕸࡣ㍈ୖࡀࢮ࡛ࣟ࠶ࡗࡓࡾ㸪᪉఩ゅ᪉ྥ࡟࠸ࡃࡘ࠿ࡢࣆ࣮ࢡࡀ
࠶ࡗࡓࡾࡍࡿ㸬ࡲࡓ㸪┤⥺೫Ἴ࡟ࡶ࡞ࡗ࡚࠸࡞࠸㸬ࡇࡢࡓࡵ㸪ఏ㏦࡟ࡶヨᩱ࡬
ࡢධᑕ࡟ࡶ୙ྥࡁ࡛࠶ࡿ㸬ESR ⿦⨨ࡲ࡛ᑟἼ⟶ࢆ⏝࠸࡚㟁☢Ἴࢆఏ㏦ࡍࡿሙྜ
࡛ࡶ㸪㧗ḟࡢ㟁☢Ἴ࣮ࣔࢻࡣ࣮ࣔࢻኚ᥮ࡀ㉳ࡁࡸࡍࡃ㸪ఏ㏦ຠ⋡ࡢపୗࡀⴭࡋ
ࡃ࡞ࡿ㸬ࡇࡢⅬ㸪࢞࢘ࢫࣅ࣮࣒ࡣ㸪┤⥺⦅Ἴࡢ཰᮰㟁☢Ἴࣅ࣮࣒࡛࠶ࡾ㸪ᛂ⏝
ࡍࡿሙྜ࡟౽฼࡛࠶ࡿ㸬
ࢪࣕ࢖ࣟࢺࣟࣥࢆ ESR ࢚ࢥ࣮ᐇ㦂࡟⏝࠸ࡿࡓࡵ࡟ࡣࢪࣕ࢖ࣟࢺࣟࣥ࠿ࡽᨺ
ᑕࡉࢀࡿ㟁☢Ἴࢆ࢞࢘ࢫࣅ࣮࣒࡟ኚ᥮ࡋࡓᚋ㸪ESR ࢚ࢥ࣮⿦⨨ࡲ࡛ఏ㏦ࡉࡏࡿ
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ఏ㏦ࢩࢫࢸ࣒ࢆ㛤Ⓨࡍࡿࡇ࡜ࡀ⌧ᅾࡢㄢ㢟࡛࠶ࡿ㸬࢞࢘ࢫࣅ࣮࣒࡬ࡢኚ᥮ࡣࢪ
ࣕ࢖ࣟࢺࣟࣥࡢእ࡛⾜࠸㸪ኚ᥮࡟ࡣࣈࣛࢰࣇࣛࣥࢳ࣮ࣕࢆ౑⏝ࡍࡿ㸬
ࣈࣛࢰࣇࣛࣥࢳ࣮ࣕ࡜ࡣ㸪‽ගᏛᨺᑕჾ࡜
཰᮰࣑࣮ࣛࡼࡾ࡞ࡿ⡆౽࡞ࢩࢫࢸ࣒࡛࠶ࡾ㸪
࠶ࡿ 1 ࡘࡢᑟἼ⟶࣮ࣔࢻࢆ㸪ࡦࡉࡋࢆᣢࡘᑟ
Ἴ⟶࠿ࡽᨺᑕࡋ㸪ᨺ≀㙾࡛཯ᑕࡍࡿࡇ࡜࡛ᗄ
ఱගᏛୖࡍ࡭࡚ࡢ཯ᑕࣅ࣮࣒ࡢ఩┦ࡀᥞࡗࡓ
┤⥺೫Ἴࡢᖹ⾜ࣅ࣮࣒࡟ኚ᥮ࡍࡿࡇ࡜ࡀ࡛ࡁ
ࡿ㸬ࡇࡢᖹ⾜ࣅ࣮࣒ࢆ」ᩘᯛࡢ࣑࣮࡛ࣛᩚᙧ
ࡍࡿࡇ࡜࡛࢞࢘ࢫࣅ࣮࣒࡜ࡋ࡚ ESR ࢚ࢥ࣮
⿦⨨ࡲ࡛ఏ㏦ࡍࡿ㸬ఏ㏦ᅗࢆᅗ 1-1 ࡟♧ࡍ㸬ࣛࣥࢳ࣮ࣕᙧᘧࡣ┿✵❆ࡢୖ࡟ᑟ
Ἴ⟶㸪┤⥺ࢸ࣮ࣃ㸪ࣈࣛࢰࣇࣛࣥࢳ࣮ࣕࡢ㡰࡟᥋⥆ࡍࡿࡶࡢ࡟࡞ࡗ࡚࠸ࡿ㸬
ࣈࣛࢰࣇࣛࣥࢳ࣮ࣕࡣ 1 ࡘࡢᑟἼ⟶࣮ࣔࢻ࡟ᑐࡋ࡚┤⥺೫Ἴࡢᖹ⾜ࣅ࣮࣒࡟
ኚ᥮࡛ࡁࡿࡶࡢ࡛࠶ࡿࡓࡵ㸪 Gyrotron FU CW VIIA ࠿ࡽᨺᑕࡉࢀࡿࣅ࣮࣒ࡀ༢
୍ࡢᑟἼ⟶࣮ࣔࢻ࠿ࡽᡂࡿࡇ࡜ࡀせồࡉࢀࡿ㸬ࡋ࠿ࡋ㸪┿✵❆࠿ࡽࡢᨺᑕࣃࢱ
࣮ࣥࢆ ᐃࡋࡓ⤖ᯝ㸪Ⓨ᣺࣮ࣔࢻ࠿ࡽண ࡉࢀࡿᨺᑕࣃࢱ࣮ࣥ࡜ࡣࣃࢱ࣮ࣥᙧ
≧ࡀ␗࡞ࡗ࡚࠸ࡓ㸬ࡉࡽ࡟ࣛࣥࢳ࣮ࣕࡢ୍㒊࡛࠶ࡿᑟἼ⟶ࢆ᥋⥆ࡋ࡚ྠᵝ࡟ᨺ
ᑕࣃࢱ࣮ࣥࢆ ᐃࡋࡓ⤖ᯝ㸪┿✵❆࠿ࡽࡢᨺᑕࣃࢱ࣮ࣥ࡜␗࡞ࡿᨺᑕࣃࢱ࣮ࣥ
ࢆほ ࡋࡓ㸬┿✵❆࡟࠾ࡅࡿ⣧ᗘࡢ㧗࠸ᑟἼ⟶࣮ࣔࢻࢆ≉ᐃࡋ࡞ࡅࢀࡤ㸪ࣈࣛ
ࢰࣇࣛࣥࢳ࣮ࣕࢆ〇స࡛ࡁ࡞࠸ࡢ࡛㛤ཱྀ࡟࠾ࡅࡿᑟἼ⟶࣮ࣔࢻࡢ≉ᐃࢆ⾜࠺㸬
ᑟἼ⟶࣮ࣔࢻࡣ࣮ࣔࢻ࡟ࡼࡗ࡚ᑟἼ⟶ෆ࡛ᅛ᭷ࡢ㟁☢⏺ᵓ㐀ࢆࡶࡘ㸬ᑟἼ⟶ࣔ
࣮ࢻࢆᑟἼ⟶㛤ཱྀ࠿ࡽ⮬⏤✵㛫࡟ᨺᑕࡍࢀࡤᑟἼ⟶ෆ࡛ࡢ㟁☢Ἴᵓ㐀ࢆ཯ᫎ
ࡋࡓᨺᑕࣃࢱ࣮ࣥࢆࡶࡘࣅ࣮࣒࡜࡞ࡗ࡚ᨺᑕࡉࢀࡿ㸬㏫࡟ࡇࡢᨺᑕࣃࢱ࣮ࣥࢆ
 ᐃࡍࢀࡤ㛤ཱྀ࡛ࡢ㟁☢⏺࡟ྵࡲࢀࡿᑟἼ⟶࣮ࣔࢻࢆホ౯࡛ࡁࡿ㸬ࡲࡎ㸪┿✵
❆࠿ࡽࡢᨺᑕࣃࢱ࣮ࣥࡢホ౯ࢆࡋ࡚࠿ࡽ㸪ࣛࣥࢳ࣮ࣕࡢ୍㒊࡛࠶ࡿᑟἼ⟶࠿ࡽ
ᅗ 1-1 ఏ㏦ᅗ
ࢪࣕ࢖ࣟࢺࣟࣥ
ESR ࢚ࢥ࣮⿦⨨
ࣈࣛࢰࣇ
ࣛࣥࢳ࣮ࣕ
ᴃ෇య㙾
ᨺ≀㙾
ᑟἼ⟶
┤⥺ࢸ࣮ࣃ
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ࡢᨺᑕࣃࢱ࣮ࣥࡢホ౯ࢆࡍࡿ㸬ホ౯ࡋࡓᑟἼ⟶࣮ࣔࢻࡢ๭ྜࡀ㧗࠸࣮ࣔࢻ⏝ࡢ
ࣈࣛࢰࣇࣛࣥࢳ࣮࡛ࣕ࢞࢘ࢫࣅ࣮࣒࡟ኚ᥮ࡍࡿ㸬
㸰㸬Gyrotron FU CW VIIA ࡢ௙ᵝ
ࢪࣕ࢖ࣟࢺࣟࣥ⿦⨨ࡣ㸪኱ࡁࡃศࡅ࡚ࢪࣕ࢖ࣟࢺࣟࣥ⟶ཬࡧ 8T ㉸ఏᑟ࣐ࢢ
ࢿࢵࢺ㸪⿵ຓ☢ሙࢥ࢖ࣝ㸪ྛ✀㟁※࠿ࡽᡂࡗ࡚࠾ࡾ㸪  8T ࣐ࢢࢿࢵࢺࡣ୰ኸࡢ
኱ࡁ࡞෇⟄≧ࡢࢡࣛ࢖࢜ࢫࢱࢵࢺෆ࡟ྵࡲࢀࡿ㸬࣐ࢢࢿࢵࢺࡣ࣒࣊ࣜ࢘ࣇ࣮ࣜ
ࢱ࢖ࣉ࡛࠶ࡾ㸪㉸ఏᑟ≧ែ࡟ࡍࡿࡓࡵ࡟ࢥࣥࣉࣞࢵࢧ࡟ࡼࡗ࡚෭༷ࡋ࡚࠸ࡿ㸬
ࢪࣕ࢖ࣟࢺࣟࣥ⟶ࡣୗ࠿ࡽ㡰࡟㟁Ꮚ㖠㸪ඹ᣺ჾ㸪ࢥࣞࢡࢱ㸪┿✵❆࠿ࡽᵓᡂࡉ
ࢀ࡚࠸ࡿ㸬
ᐇ㦂࡟ࡣⓎ᣺࿘Ἴᩘ 154 GHz㸪Ⓨ᣺࣮ࣔࢻ TE0 , 2 ࣮ࣔࢻࡢ㟁☢Ἴࢆ౑⏝ࡍࡿ㸬
ᐇ㦂᮲௳ࡣ୺☢ሙᙉᗘ B = 5,66 T,࢝ࢯ࣮ࢻ㟁ᅽ Vk 㸻 -12 kV㸪⿵ຓ☢ሙࢥ࢖ࣝ
㟁ὶ I㸻 101.0 A ࡛࠶ࡿ㸬
㸱㸬ᨺᑕࣃࢱ࣮ࣥ ᐃ᪉ἲ
Gyrotron FU CW VIIA ࡢ┿✵❆࠿ࡽࡢᨺᑕࣃࢱ࣮ࣥࢆ㉥እ⥺࣓࡛࢝ࣛ᧜ᙳࡍ
ࡿࡇ࡜࡛㟁☢Ἴᵓ㐀ࢆ ᐃࡍࡿ㸬 ᐃ᫬ࡢࢪࣕ࢖ࣟࢺࣟࣥ࡟࠾ࡅࡿⓎ᣺࿘Ἴᩘ
ࡣ 154 GHz㸪Ⓨ᣺࣮ࣔࢻࡣ TE0 , 2 ࣮ࣔࢻ࡛࠶ࡿ㸬ᅗ 3-1㸪 3-2 ࡟ᨺᑕࣃࢱ࣮ࣥ 
ᐃ࡟⏝࠸ࡓᐇ㦂⿦⨨ࡢ఩⨨㛵ಀࢆ♧ࡍ㸬┿✵❆࠿ࡽ㊥㞳 D ࡢ఩⨨࡟྾཰ᯈ࡛࠶
ࡿཌࡉ 1 mm ࡢሷ໬ࣅࢽ࣮ࣝᯈࢆ┿✵❆࡟ᖹ⾜࡟タ⨨ࡋ㸪┿✵❆࡜ࡣ཯ᑐഃ࠿
ࡽ㉥እ⥺࣓࢝ࣛࢆ⏝࠸࡚྾཰ᯈୖࡢ ᗘୖ᪼ศᕸԥ T(x,y)ࢆ ᐃࡍࡿ㸬ḟ࡟㸪
ࣛࣥࢳ࣮ࣕࢆ╔ࡅࡓ࡜ࡁ࡟࣮ࣔࢻኚ᥮ࡀ㉳ࡁ࡚࠸࡞࠸࠿☜ㄆࡍࡿࡓࡵ࡟㸪┿✵
❆ࡢୖ࡟ࡘࡅࡓࣛࣥࢳ࣮ࣕࡢ୍㒊࡛࠶ࡿ 100 mm 㛗ࡢᑟἼ⟶㛤ཱྀ࠿ࡽࡢᨺᑕࣃ
ࢱ࣮ࣥࡶྠᵝ࡟᧜ᙳࡍࡿ㸬
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ᅗ 3-1 ┿✵❆࠿ࡽࡢ ᐃ᪉ἲ          ᅗ 3-2 ᑟἼ⟶࠿ࡽࡢ ᐃ᪉ἲ
㸲㸬 ᐃ⤖ᯝ
 ᅗ 3-1 ࡢ≧ែ࡛┿✵❆࡜྾཰ᯈ㛫㊥㞳  100 mm ࡟࠾࠸࡚ ᐃࡋࡓᨺᑕࣃࢱ࣮ࣥᅗࢆ
ᅗ 4-1 ࡟♧ࡍ㸬ᅗ 4-1 ࠿ࡽ TE0 , 2  ࣮ࣔࢻ࠿ࡽண᝿ࡉࢀࡿᨺᑕࣃࢱ࣮ࣥ࡜␗࡞ࡿࡇ࡜ࡀ
ศ࠿ࡿ㸬୍ぢ෇ࡀ஧ࡘෆഃ࡜እഃ࡟࠶ࡿࡼ࠺࡟ぢ࠼ࡿ㸬ࡲࡓᅗ 3-2 ࡢ≧ែ࡛ᑟἼ⟶࡜
྾཰ᯈ㛫㊥㞳  100 mm ࡟࠾࠸࡚ ᐃࡋࡓᨺᑕࣃࢱ࣮ࣥᅗࢆᅗ 4-2 ࡟♧ࡍ㸬ᅗ 4-1 ࡜ᅗ
4-2 ࡢࣃࢱ࣮ࣥᙧ≧ࡀ㐪࠺ࡇ࡜ࡀࢃ࠿ࡗࡓ㸬ࡇࢀ࡟ࡼࡾ㸪ᅗ 4-1 ࡜ྠᵝ࡟ᅗ 4-2 ࡛ᑟ
Ἴ⟶㛤ཱྀ࡟࠾ࡅࡿᑟἼ⟶࣮ࣔࢻࡢホ౯ࡶࡍࡿᚲせࡀ࠶ࡿ㸬
㸳㸬࣮ࣔࢻᡂศࡢホ౯᪉ἲ
྾཰ᯈ࡛ࡢ㟁☢ሙศᕸࡢィ⟬᪉ἲࢆ⪃࠼ࡿ㸬ᑟἼ⟶࣮ࣔࢻ࡟ࡣᅇ㌿ࡢྥࡁࡀ␗࡞ࡿ 2 ࡘࡢ
ᅇ㌿࣮ࣔࢻࡀᏑᅾࡍࡿ㸬┿✵❆┤๓㸪ࡲࡓࡣᑟἼ⟶㛤ཱྀ࡟࠾࠸࡚༢୍ࡢ TEm,n࣮ࣔࢻ࡛Ꮡᅾࡋ㸪
㉥እ⥺࣓࢝ࣛ
྾཰ᯈ
┿✵❆
┿✵❆
ᑟἼ⟶
྾཰ᯈ
㉥እ⥺࣓࢝ࣛ
ᅗ 4-1 ┿✵❆࠿ࡽࡢᨺᑕࣃࢱ࣮ࣥ ᅗ 4-2 ᑟἼ⟶࠿ࡽࡢᨺᑕࣃࢱ࣮ࣥ
D
D
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ࡑࡢ㟁ሙ㸪☢ሙࡀࡑࢀࡒࢀ ࡛࠶ࡿ࡜ࡁ㸪྾཰ᯈୖ࡛ࡢ㟁ሙ 㸪☢ሙ ࡣ㸪
    (5-1) 
    (5-2) 
࡜⾲ࢃࡍࡇ࡜ࡀ࡛ࡁࡿ㸬ࡇࡇ࡛㸪㸩ࡣᕥᅇࡾࡢ࣮ࣔࢻ㸪㸫ࡣྑᅇࡾࡢ࣮ࣔࢻࢆ⾲ࡍ㸬ࡲࡓ㸪
࡛࠶ࡿ㸬
┿✵❆ࡲࡓࡣ㸪ᑟἼ⟶㛤ཱྀ࡛」ᩘࡢᑟἼ⟶࣮ࣔࢻࡀΰᅾࡍࡿሙྜࡣ㸪྾཰ᯈୖ࡛ࡢ඲㟁ሙ
E㸪඲☢ሙ H ࡣ㸪ḟࡢࡼ࠺࡞㊊ࡋྜࢃࡏ࡟ࡼࡗ࡚⾲ࡍࡇ࡜ࡀ࡛ࡁࡿ㸬
                       (5-3) 
        (5-4) 
               (5-5) 
              (5-6) 
ࡇࡇ࡛ ࡣྛ࣮ࣔࢻࡢᡂศẚࢆ⾲ࡍ㸬࣏࢖ࣥࢸ࢕ࣥࢢ࣋ࢡࢺࣝ P(x,y)ࡣ㸪
        (5-7) 
࡛࠶ࡿ㸬
」ᩘࡢᑟἼ⟶࣮ࣔࢻࡀΰᅾࡋ࡚ࡶྵࡲࢀࡿ࣮ࣔࢻ࡟ࡼࡗ࡚ᅛ᭷ࡢᨺᑕࣃࢱ࣮ࣥࢆ♧ࡍ[1]㸬
ࡇࡢࡇ࡜ࢆ฼⏝ࡋ࡚㸪ᨺᑕࣃࢱ࣮ࣥ ᐃ࠿ࡽᑟἼ⟶㛤ཱྀ(࠶ࡿ࠸ࡣ┿✵❆)࡟ྵࡲࢀࡿ࣮ࣔࢻᡂ
ศࡢ๭ྜࢆホ౯࡛ࡁࡿ㸬྾཰ᯈࡣⷧ࠸ࡓࡵᐇ㦂࡛ᚓࡽࢀࡓሷ໬ࣅࢽ࣮ࣝᯈࡢ ᗘୖ᪼ศᕸԥ
T(x,y)ࡣᘧ(5-7)ࡢ࣏࢖ࣥࢸ࢕ࣥࢢ࣋ࢡࢺࣝ P(x,y)ࡢศᕸ࡟➼ࡋ࠸࡜⪃࠼ࡿࡇ࡜ࡀ࡛ࡁࡿ㸬ࡋࡓ
ࡀࡗ࡚㸪ᘧ(5-3)㹼(5-6)ࡢ ࢆኚ࡚྾཰ᯈୖࡢ㟁ሙ E,☢ሙ H ࢆィ⟬ࡋ㸪࣏࢖ࣥࢸ࢕ࣥࢢ࣋ࢡ
ࢺࣝࡢ P(x,y)ศᕸࢆồࡵ㸪ࡑࢀࢆ ᗘୖ᪼ศᕸԥT(x,y)࡜ẚ㍑ࡋ㸪 ᐃ࡛ᚓࡽࢀࡓԥT(x,y)ศ
ᕸࢆ෌⌧ࡍࡿࡼ࠺࡞ ࡢ್ࡢ⤌ࡳྜࢃࡏࢆồࡵࡿࡇ࡜࡛ᑟἼ⟶࣮ࣔࢻࡢᡂศࡢ๭ྜࢆḟᘧ
࡛ホ౯ࡍࡿ㸬
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TEm,n࣮ࣔࢻࡢ๭ྜ㸦%㸧 ^ `
2 2
, ,
2 2
, ,1, 1
100m n m n
i j i ji j
c c
c c
 
f  
  
 u
¦
㸴㸬࣮ࣔࢻᡂศࡢホ౯⤖ᯝ
㸴㸫 1㸬┿✵❆ࡢሙྜ
┿✵❆ࡢ㛤ཱྀ࡛ఱ࣮ࣔࢻࡢ๭ྜࡀ᭱ࡶ㧗࠸࠿ホ౯ࡍࡿࡓࡵ㸪ᨺᑕࣃࢱ࣮ࣥࡢィ⟬⤖ᯝ࡜ᐇ
㦂⤖ᯝࢆẚ㍑ࡍࡿ㸬ᐇ㦂⤖ᯝࡢᅗ 4-1 ࠿ࡽศ࠿ࡿࡼ࠺࡟෇࿘᪉ྥ࡟⠇ࢆᣢࡘࣃࢱ࣮ࣥ⤖ᯝ࡟
࡞ࡗ࡚࠸ࡿࡢ࡛㸪ᨺᑕࣃࢱ࣮ࣥࡢィ⟬⤖ᯝ࡜ᐇ㦂⤖ᯝࢆẚ㍑ࡍࡿࡓࡵ࡟ᨺᑕࣃࢱ࣮ࣥࡢ୰ᚰ
࠿ࡽ࠶ࡿ༙ᚄࡢ෇࡟ἢࡗࡓ᪉఩ゅ࡟ᑐࡍࡿศᕸࢆẚ㍑ࡍࡿ㸬ᅗ 6-1㸪6-2 ࡟ࡑࡢ⤖ᯝࢆ♧ࡍ㸬
ᅗ 6-1 ࡣᶓ㍈࡟ෆഃࡢ㍯ࡢᙉ࠸ࣆ࣮ࢡࡀぢࡽࢀࡿ༙ᚄ఩⨨(ᅗ 6-1a,b ࡟♧ࡍ෇)࡛ࡢ᪉఩ゅȟ㸪
⦪㍈࡟ࡇࡢ෇࡟ἢࡗࡓᐇ㦂࡛ࡢ ᗘୖ᪼ศᕸԥT㸪ཬࡧ ࢆ 1㸸p㸸p ࡜ࡋ࡚
๭ྜࢆኚ࠼ࡓィ⟬࡛ࡢ࣏࢖ࣥࢸ࢕ࣥࢢ࣋ࢡࢺࣝ P ࢆ࡜ࡗࡓࢢࣛࣇࢆ♧ࡍ㸬ᅗ 6-2 ࡣᶓ㍈࡟እ
ഃࡢ㍯ࡢᙉ࠸ࣆ࣮ࢡࡀぢࡽࢀࡿ༙ᚄ఩⨨(ᅗ 6-2a,b ࡟♧ࡍ෇)࡛ࡢ᪉఩ゅȟ㸪⦪㍈࡟ ᐃ࡛ᚓࡽ
ࢀࡓ ᗘୖ᪼ศᕸԥT㸪ཬࡧィ⟬࡛ࡢ࣏࢖ࣥࢸ࢕ࣥࢢ࣋ࢡࢺࣝ P ࢆ࡜ࡗࡓࢢࣛࣇࢆ♧ࡍ㸬ȟ
ࡣᅗ 6-1a,b㸪6-2a,b ࡟♧ࡍ 0rୗࡽ཯᫬ィᅇࡾ࡟ቑ኱ࡍࡿࡼ࠺࡟࡜ࡗࡓ㸬
(5-8) 
0r
( b ) 
ᅗ 6-1 ᨺᑕࣃࢱ࣮ࣥࡢ୰ᚰ࠿ࡽ࠶ࡿ༙ᚄࡢ᪉఩ゅ࡟ᑐࡍࡿศᕸࡢẚ㍑(1), (a)ィ⟬⤖ᯝ㸪(b)ᐇ㦂⤖ᯝ
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( a ) 
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ᅗ 6-1㸪6-2 ࠿ࡽ p = 0.09 ࡢ࡜ࡁࡢィ⟬⤖ᯝࡀ ᐃ⤖ᯝ࡟㏆࠸ࡇ࡜ࡀศ࠿ࡿ㸬(5-8)ࢆ⏝࠸࡚
┿✵❆┤๓࡛ࡢᑟἼ⟶࣮ࣔࢻࡢ๭ྜࢆホ౯ࡍࡿ࡜㸪TE0,2࣮ࣔࢻࡀ 98㸣㸪TE2,2࣮ࣔࢻࡀ 2㸣࡜
࡞ࡿ㸬ࡇࢀࡼࡾ㸪┿✵❆࠿ࡽࡢᨺᑕࣃࢱ࣮ࣥࡣ TE0,2࣮ࣔࢻࡀᨭ㓄ⓗ࡛࠶ࡿ࡜⪃࠼ࡽࢀࡿ㸬
㸴㸫㸰㸬ᑟἼ⟶ࡢሙྜ
㸴㸫㸯࡜ྠᵝ࡟ࡋ࡚ᑟἼ⟶㛤ཱྀ࠿ࡽࡢᨺᑕࣃࢱ࣮ࣥ ᐃ࡟࠾ࡅࡿᑟἼ⟶࣮ࣔࢻࡢᡂศ
ࡢ๭ྜࢆㄪ࡭ࡿ㸬ᅗ 4-2 ࡢᐇ㦂ࡢᨺᑕࣃࢱ࣮ࣥࡣ 4 ࡘࡢࣆ࣮ࢡ࡟ࡑࢀࡒࢀᙉᙅࡀ࠶ࡾ㸪ᙉ࠸ 2
ࡘࡢࣆ࣮ࢡࡀ 180rࡢ఩⨨࡟࠶ࡿ㸬ࡇࡢ 4 ࡘࡢࣆ࣮ࢡࡢẚࢆྲྀࡾ㸪ẚࡢ㛵ಀࡀ㏆ࡃ࡞ࡿࡼ࠺
࡟ᵝࠎ࡞࣮ࣔࢻࢆ㑅ࢇ࡛๭ྜࢆኚ࠼࡚ᨺᑕࣃࢱ࣮ࣥࡢィ⟬ࢆࡋࡓ㸬ᅗ 6-3 ࡣᐇ㦂⤖ᯝᅗ 4-2 ࡜
ᨺᑕࣃࢱ࣮ࣥィ⟬⤖ᯝࢆ୰ᚰ࠿ࡽ࠶ࡿ༙ᚄࡢ෇࡟ἢࡗࡓ᪉఩ゅ࡟ᑐࡍࡿศᕸࢆ♧ࡋࡓࡶࡢ࡛
࠶ࡿ㸬ᅗ 6-3 ࠿ࡽᨺᑕࣃࢱ࣮ࣥࡢィ⟬⤖ᯝࡣࢢࣛࣇࡢ㇂࡟࠶ࡓࡿ್ࡀᑡࡋ ᐃ⤖ᯝࡼࡾప࠸
ࡀࣆ࣮ࢡࡢ್ࡣ➼ࡋࡃ࡞ࡗ࡚࠸ࡿࡇ࡜ࡀࢃ࠿ࡾ㸪 ᐃࡋࡓᨺᑕࣃࢱ࣮ࣥ࡟࡯ࡰ➼ࡋ࠸ィ⟬⤖
ᯝࡀᚓࡽࢀࡓ㸬ᑟἼ⟶࡛ࡢ࣮ࣔࢻᡂศࡢ๭ྜࡣ TE2,2࣮ࣔࢻࡀ 89%㸪TE0,2࣮ࣔࢻࡀ 9%㸪TE1,3
࣮ࣔࢻࡀ 2%࡛࠶ࡿ࡜࠸࠺⤖ᯝࢆᚓࡓ㸬ࡇࡢࡇ࡜࠿ࡽ㸪ᑟἼ⟶ฟཱྀ࡛ࡣ TE2,2 ࣮ࣔࢻࡀᨭ㓄ⓗ
࡛࠶ࡿࡇ࡜ࡀࢃ࠿ࡗࡓ㸬
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( b ) 
ᅗ 6-2 ᨺᑕࣃࢱ࣮ࣥࡢ୰ᚰ࠿ࡽ࠶ࡿ༙ᚄࡢ᪉఩ゅ࡟ᑐࡍࡿศᕸࡢẚ㍑(2), (a)ᐇ㦂⤖ᯝ㸪(b)ィ⟬⤖ᯝ
( a ) 
0r
0r
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㸵㸬TE2 ,2  ⏝ࣈࣛࢰࣇࣛࣥࢳ࣮ࣕ࠿ࡽࡢᨺᑕࣅ࣮࣒
๓⠇ࡢ㸴㸫㸰⤖ᯝࡼࡾᑟἼ⟶ࡢฟཱྀ࡛㟁☢Ἴ࡟ྵࡲࢀࡿ๭ྜࡀ᭱ࡶ㧗࠸ࣔ
࣮ࢻࡣ TE2 , 2  ࡛࠶ࡿࡇ࡜ࡀศ࠿ࡗࡓ㸬ࡑࡢࡇ࡜࠿ࡽ࢔ࣥࢸࢼ⣔ࢆタィࡍࡿ࡞ࡽ㸪 
TE0 , 2  ⏝ࡼࡾࡴࡋࢁ TE2 , 2  ⏝ࡢࣈࣛࢰࣇࣛࣥࢳ࣮ࣕࢆ⏝࠸ࢀࡤ㸪㟁☢Ἴࡀ㧗࠸๭
ྜ࡛࢞࢘ࢫࣅ࣮࣒࡟ኚ᥮ࡉࢀࡿࡣࡎ࡛࠶ࡿ㸬ࡑࡇ࡛㸪 TE2 , 2 ⏝ࡢࣈࣛࢰࣇࣛࣥ
ࢳ࣮ࣕ㸦ᅗ 7-1㸧ࢆ〇సࡋ㸪ࢪࣕ࢖ࣟࢺࣟࣥ࡟᥋⥆ࡋ࡚㸪ࣈࣛࢰࣇࣛࣥࢳ࣮ࣕ
࠿ࡽࡢᨺᑕࣃࢱ࣮ࣥࢆ ᐃࡋࡓ㸬ࡑࡢ࡜ࡁࡢ㓄
⨨ࢆᅗ 7-2 ࡟♧ࡍ㸬྾཰ᯈࡣỈᖹ࡟⨨ࡁ㸪┿ୖ࠿
ࡽ㉥እ⥺࣓࡛࢝ࣛ᧜ᙳࡋࡓ㸬ᨺ≀㙾ࡢ㧗ࡉࡢ୰
ᚰ఩⨨࠿ࡽ྾཰ᯈࡲ࡛ࡢ㊥㞳ࢆ d ࡜ࡍࡿ࡜㸪d  = 
180 mm ࡟࠾ࡅࡿ ᐃ⤖ᯝࢆᅗ 7-3 ࡟♧ࡍ㸬ᅗ 7-3
࠿ࡽ୍࠿ᡤ࡟ᙉ࠸ ᗘୖ᪼ࢆほ ࡛ࡁࡓ㸬ࡇࡢ
ᅗ 7-3 ࡟ᑐࡋ࡚ x ᪉ྥ㸪㹷᪉ྥࡢ ᗘୖ᪼ศᕸࢆ
ᅗ 7-4(x) , (y)࡟ࡑࢀࡒࢀࣉࣟࢵࢺࡍࡿ㸬ࡲࡓࡇࢀ
ࡽࡢศᕸ࡟ᑐࡋ࡚㸪࢞࢘ࢫ㛵ᩘࣇ࢕ࢵࢺࡋࡓᅗ
ࡶྠᵝ࡟ᅗ 7-4(x)㸪7-4(y)࡟♧ࡍ㸬ᅗ 7-4 ࠿ࡽ☜࠿࡟ ᗘୖ᪼ศᕸࡀ࢞࢘ࢫ㛵ᩘ
㻜 㻥㻜 㻝㻤㻜 㻞㻣㻜 㻟㻢㻜
㻜
㻡㻜㻜
㻝㻜㻜㻜
㻌䝫
䜲
䞁
䝔
䜱
䞁
䜾
䝧
䜽
䝖
䝹
㻔㼍
㻘㼡
㻕
㻌ィ⟬⤖ᯝ
䃗㻌㻔㼻㻕
㻜
㻡
㻝㻜
㻝㻡
㻞㻜
㻌ᐇ㦂⤖ᯝ
 
ᗘ
ୖ
᪼
㻔䉝
㻕
0r
0
ᅗ 6-3 ᨺᑕࣃࢱ࣮ࣥࡢ୰ᚰ࠿ࡽ࠶ࡿ༙ᚄࡢ᪉఩ゅ࡟ᑐࡍࡿศᕸࡢẚ㍑( 3 ) 
ᅗ 7-1 TE2,2⏝ࣈࣛࢰࣇࣛࣥࢳ࣮ࣕ
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ୖ࡟஌ࡿࡇ࡜ࡀศ࠿ࡿ㸬ࡇࡢࣇ࢕ࢵࢺࡋࡓ࢞࢘ࢫ㛵
ᩘࢆ G( )x 㸪G( )y ࡜ࡍࡿ㸬㉥እ⥺࣓࢝ࣛࡣ୍⣲Ꮚᙜࡓ
ࡾࡢ ᗘୖ᪼࡜ࡋ࡚ࢹ࣮ࢱࢆฟຊࡍࡿࡢ࡛㸪࣓࢝ࣛ
࡜ほ యࡢ㊥㞳ࡢ㛵ಀ࠿ࡽ㉥እ⥺⏬ീࡢ⦪ᶓࡢᐇ
㝿ࡢ㛗ࡉࡀศࢃ࠿ࡾࠊᶓࡢ 320pixel ࡟ᑐᛂࡍࡿ㛗
ࡉ ࢆ l ࡜ ࡍ ࡿ ࡜ ࠊ ༢ ఩ 㠃 ✚ ᙜ ࡓ ࡾ ࡢ pixel ᩘ ࡣ
 2320 / l ࡜࡞ࡿࠋ 1 pixel ᙜࡓࡾࡢ ᗘୖ᪼ࢆ඲⣲Ꮚ
ศ㊊ࡋࡓ್ࢆ totalT ࡜ࡍࡿ࡜࢞࢘ࢫࣅ࣮࣒ᡂศࡣ㸪
࢞࢘ࢫࣅ࣮࣒ᡂศ (%) = 2
total
G( )G( )
100
(320 / )
A x y dxdy
T l
uu
³
࡛ィ⟬࡛ࡁࡿ㸦 A ࡣᐃᩘ㸧㸬ᅗ 7-3 ࡢ࢞࢘ࢫࣅ࣮࣒
ᡂศࢆồࡵࡿ࡜⣙ 60%࡜࠸࠺⤖ᯝࢆᚓࡓ㸬
(7-1) 
㻜 㻞㻜 㻠㻜 㻢㻜 㻤㻜
㻜
㻡
㻝㻜
㻝㻡
䂴
㼀㻌
䠄䉝
㻕
㼥㻌㻔㼙㼙㻕
㻌 ᗘୖ᪼
㻌䜺䜴䝇㛵ᩘ䝣䜱䝑䝖
㻌㻌㻌㻌㻌㻌㻌䂴㼀㻌㻩㻌㻳㻌㻔㻌㼤㻌㻕
㻜 㻡 㻝㻜 㻝㻡
㻜
㻞㻜
㻠㻜
㻢㻜
㻤㻜
㻌 ᗘୖ᪼
㻌䜺䜴䝇㛵ᩘ䝣䜱䝑䝖
㻌㻌㻌㻌㻌㻌㻌㻌䂴㼀㻌㻩㻌㻳㻌㻔㻌㼤㻌㻕
㼤㻌
㻔㼙
㼙
㻕
䂴㼀㻌䠄䉝㻕
x
y
ᅗ 7-3 ࣛࣥࢳ࣮ࣕ࠿ࡽࡢ ᐃ⤖ᯝ
ᅗ 7-4(x) x ᪉ྥ࡟ᑐࡍࡿ ᗘୖ᪼ศ
ᅗ 7-4(y) y ᪉ྥ࡟ᑐࡍࡿ ᗘୖ᪼
d
x
y
ᅗ 7-2 ࣈࣛࢰࣇࣛࣥࢳ࣮ࣕ
࠿ࡽࡢ ᐃᅗ
࣓࢝ࣛ
྾཰ᯈ
ࣛࣥࢳ࣮ࣕ
ᨺ≀㙾
ࢪࣕ࢖ࣟࢺࣟࣥ
90 91
㸶㸬ࡲ࡜ࡵ
Gyrotron FU CW VIIA ࡢ TE0,2 ࣮ࣔࢻⓎ᣺࡟࠾࠸࡚┿✵❆࠿ࡽࡢᨺᑕࣃࢱ࣮
ࣥ࠿ࡽ┿✵❆ฟཱྀ࡟࠾ࡅࡿ㟁☢Ἴ࣮ࣔࢻࡢゎᯒࢆ⾜ࡗࡓ㸬ࡑࡢ⤖ᯝ TE0,2 ࣮ࣔࢻ
ࡀ 98㸣㸪TE2,2࣮ࣔࢻࡀ 2㸣ࡢ๭ྜ࡛Ꮡᅾࡋ࡚࠸ࡿࡇ࡜ࡀࢃ࠿ࡗࡓ㸬ྠᵝ࡟┿✵❆ࡢୖ࡟᥋
⥆ࡋࡓᑟἼ⟶࠿ࡽࡢᨺᑕࣃࢱ࣮ࣥ࠿ࡽᑟἼ⟶ฟཱྀ࡟࠾ࡅࡿ㟁☢Ἴ࣮ࣔࢻࡢゎ
ᯒࢆ⾜ࡗࡓ㸬ࡑࡢ⤖ᯝ TE2,2࣮ࣔࢻࡀ 89%㸪TE0,2࣮ࣔࢻࡀ 9%㸪TE1,3࣮ࣔࢻࡀ 2%ࡢ๭ྜ
࡛Ꮡᅾࡋ࡚࠸ࡿࡇ࡜ࡀࢃ࠿ࡗࡓ㸬 TE2,2 ࣮ࣔࢻࡀᨭ㓄ⓗ࡟࡞ࡿࡇ࡜࠿ࡽ TE2,2 ⏝ࡢࣈࣛࢰࣇࣛ
ࣥࢳ࣮ࣕࢆ〇సࡋ㸪ࣅ࣮࣒ᙧ≧ࡢኚ᥮ࢆ⾜ࡗࡓ㸬ᨺᑕࣃࢱ࣮ࣥィ ࠿ࡽᨺᑕ࡟ྵࡲࢀࡿ࢞࢘
ࢫࣅ࣮࣒ᡂศࡣ⣙ 60%࡛࠶ࡗࡓ㸬
௒ᚋࡣ㸪ࡇࡢᚓࡽࢀࡓࣅ࣮࣒ࢆ ESR ⿦⨨ࡲ࡛ᣢࡗ࡚࠸ࡃࡓࡵࡢ࣑࣮ࣛタィࢆࡍࡿ࡜࡜ࡶ࡟㸪
࣮ࣔࢻࡢ๭ྜࡀ㏵୰࡛኱ࡁࡃኚࢃࡿཎᅉࢆ᥈ࡿணᐃ࡛࠶ࡿ㸬
㸷㸬ཧ⪃ᩥ⊩
[1] 㓇஭ಇᙪ:  Gyrotron FU CW VIIA ࠿ࡽᨺᑕࡉࢀࡿ㟁☢Ἴࡢ࣮ࣔࢻゎᯒ
⚟஭኱ᏛᕤᏛ㒊༞ᴗㄽᩥ㸪
